e objective of this work was to study the minimum support force of the shield excavation face of sand-gravel stratum. Based on the geological conditions obtained from the exploration of the 18th line of the Chengdu Rail Transit and the shield excavation parameters obtained from excavation, particle flow DEM PFC3D and FLAC3D were used as tools; the digital triaxial compression test was performed to calibrate the mesoscopic parameters of the soil; numerical excavation models were built for deep-buried and shallow-buried sand and gravel stratum shield tunnels; surface settlement and minimum support force under different depths and different supporting forces were obtained in the end. e stability of the excavation face under the condition of 10 kPa∼60 kPa support force was analyzed; the excavation surface gradually tended to stabilize, and the surface subsidence decreased with the increase of support force. When the supporting force was greater than or equal to 3 kPa, the excavation surface was stable and the surface settlement speed gradually decreased to zero with time. While analyzing the stability of the excavation face of 5 m, 10 m, and 15 m buried deep gravel tunnels and the influence of the support force on the surface settlement, the minimum support force that did not consider the surface settlement was reduced and the minimum support force required to control the surface settlement was increased as the tunnel depth decreased. Using this method, the depth of the excavation sand-gravel tunnel and the support of the excavation face could be obtained to meet the requirements of surface subsidence control and the economic benefits of the project could be improved.
Introduction
In order to alleviate the traffic pressure in large-and medium-sized cities in China, subway construction has achieved unprecedented development and the shield construction method has been widely used. As with other construction methods, due to geological conditions and construction process limitations, it is difficult to avoid disturbance of the surrounding environment caused by the shield propulsion and even leads to excessive ground subsidence. e damage of this environment mainly depends on the stability of the shield excavation surface, such as the Japanese Yamashitamachi Tunnel, the Beijing Subway Line 10, the Guangzhou Rail Transit Line 4, and the Chengdu Rail Transit Line 1. e instability of the excavation surface causes the ground subsidence and other accidents, so the stability of the excavation surface is an important issue in shield construction.
Since the end of the 19th century, in order to prevent the instability of the tunnel excavation surface as the starting point, the stability analysis of the excavation surface is the core and the minimum support force is determined as the main point. Leca et al. [1] [2] [3] theoretically studied the relevant solutions of the ultimate support force of excavation surface. Zhou et al. [4] [5] [6] tested the stability and instability failure modes of shield excavation surface. Bu et al. [7] [8] [9] [10] [11] used the numerical simulation method to simulate and restore. e instability of the excavation surface was predicted.
Compared with the experimental and theoretical analyses, the numerical simulation method has the advantages of cost-effectiveness, use in complex geological environment and complex working conditions, simultaneous observation of excavation surface and surface deformation, and easy analysis [11] [12] [13] [14] [15] [16] . erefore, based on the Huojin shield section of Chengdu Metro Line 18, the particle flow discrete element of the software FLAC3D6.0 is coupled with the finite difference FLAC3D unit, based on the displacement and stress transfer [16] [17] [18] [19] [20] and the noncontinuous sand and gravel stratum. e study on the stability of the excavation face reveals the instability mode, surface subsidence law, and minimum support pressure of the collapse and failure of the shield excavation face and compares it with the onsite monitoring data to verify the collapse of the excavation face (research on the universal law of stability influence).
Materials and Methods

Project Overview.
e geological conditions of the tunnel from the South Railway Station to the Jincheng Square Station of Chengdu Rail Transit Line 18 are shown in Figure 1 . e tunnel is covered with artificial fill, clay, sand pebbles, and K2g mudstone. Groundwater is more developed, mainly based on sandy gravel pore water. e tunnel is adjacent to the bus hub of the Chengdu South Railway Station. e tunnel grounds are in Tianfu Avenue.
ere are a large number of buildings on the left and right sides of the tunnel. ere are several tunnels underneath the tunnel section. e tunnels pass through the site, and the underground pipelines are very dense. Shield tunneling began on May 30, 2017, and ended on November 17, 2017, with an average tunneling speed of approximately 50 mm/s. On June 5, 2017, the shield tunneled to the tunnel entrance about 15 m, the peak of the daily average of the total thrust peaked (650T), and the total thrust on the 7th peaked. As of June 9, 2017, a surface settlement of −42.59 mm occurred at approximately 15 m of the tunnel entrance ( Figure 2 ).
After monitoring the settlement change of the mileage of 10-550, the reinforcement measures such as steel pipe pile protection and concrete pile protection were taken in time, and secondary disasters such as surface settlement were effectively controlled.
is paper selects the left line ZDK10 + 550∼ZDK10 + 580 section of 30 m range; the section mainly crosses the sandy gravel stratum; the groundwater level line is about 6.5 m away from the surface; the buried depth is about 9.5 m; and the measured soil silo pressure is ∼23 kPa. e main focus is 30 kPa, and the e following analysis of the instability and settlement of the excavation face is carried out by numerical simulations to obtain the influence of the support force on the stability of the excavation face.
Model Parameter Calibration.
Particles in PFC were used to simulate different soil layers. e layer of sandy gravel and mudstone is the target layer for tunnel excavation.
rough the simulation of a triaxial compression test, the micromechanical parameters K n , K s , porosity, contact modulus, and friction coefficient of the particles are continuously debugged until the macroscopic physical and mechanical indexes obtained by the simulation. c, c, etc. are close to the indoor test results [21] [22] [23] [24] .
For the numerical triaxial model and the loading process model, refer to Jane et al. [25, 26] By using a triaxial test instrument, unconsolidated undrained numerical triaxial tests were performed in the State Key Laboratory of Chengdu Institute of Technology and Earthquakes [25, 26] . We compared the stress-strain data of the triaxial compression test results in the natural water-containing state of the medium-density sandy gravel obtained by Jane et al. with the numerical test results obtained by us.
e test piece has a height of 600 mm and a diameter of 300 mm. e soil particles use a ball unit with a diameter of 40 mm. e lateral pressure is provided by the shell unit and the wall-structure unit outside the shell unit. e shell element is 10 mm thick, and the shell elastic modulus is consistent with the particle contact elastic modulus. ree groups of tests were carried out on the surrounding walls by applying a confining pressure of 100, 200, and 300 kPa, and the upper and lower sides were subjected to deviatoric stress and a compression speed of 0.03 mm/s. e stress-strain curves obtained in the test have no obvious peaks under different confining pressures, and the strain hardening phenomenon appears to some extent [27] . After the end of the test, the middle portion of the sample bulged ( Figure 3(c) ). e arrow diagram of the particle displacement ( Figure 3 (a)) shows the change of the particle displacement field, and the shearing tendency and shear plane of the sample can be seen. e particle contacts the cloud image, the black contact indicates that the parallel bonded portion is not activated, and the white one indicates the parallel bond activation (Figure 3(b) ). Most of the soil particles are in good contact. e displacement diagram of the wall shows that the upper and lower compression plates are compressed by 66.022 mm. e housing unit cloud diagram shows the application of a confining pressure of 3 MPa. A numerical triaxial test of mesoscopic parameters of different particles was carried out under confining pressures of 100 kPa, 200 kPa, and 300 kPa. Figures 4-9 show the triaxial stress-strain curves of the mechanical parameters of different particles under the confining pressure of 100 kPa. It can be seen that the maximum deviatoric stress of the sandcobble triaxial test positively correlated with the particle friction coefficient, particle contact modulus, and normal stiffness. e maximum deviatoric stress negatively correlated with porosity. According to the stress-strain curves of different particle radii in Figure 10 , it is found that the particle radius has little effect on the mechanical properties of sandy gravel and provides experimental support for adjusting the particle radius in the model.
After the above calibration of the six particle mesoscopic parameters, the triaxial test results ( Figure 10 ) which are close to the normal test results are obtained; that is, the calibration is completed. e triaxial simulation test combined with the indoor triaxial test ( Figure 10 ) calibrated the mesoscopic parameters of the sandy gravel (Table 1) , which laid the foundation for the numerical simulation of the tunnel surface stability analysis.
Calculation Model.
Due to the nonexcavation target layer of the silty clay and the mixed filling layer, the influence of the tunnel excavation is mainly due to the load; the composite Advances in Civil Engineering stratum formed by the combination of the underlying mudstone is not considered for the time being. Simplify the model and replace the miscellaneous fill, silty clay, and middle weathered mudstone layers with different-density sand and gravel layers to achieve the purpose of highlighting the research. 
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Based on the mileage of 10-537 to 10-600, a tunnel model of sandy gravel formation was established. e model length is 60 m, the width is 6 times 48 m of the tunnel diameter, the model height is 47 m, the overlying soil layer is 15 m, the inner diameter of the tunnel is 7.5 m, and the outer diameter is 8.3 m. e soil to be excavated and the area to be laid are preset, and the excavation depth is preset, 15 m. When the overall model size is more than 30 times the average particle size of the particles, the size effect can be neglected [28] and combined with aesthetics and computer operating speed; the particle size is 400 mm (Figure 11 ).
Due to the main research on the stability of the excavation surface, the soil arching effect, and the surface subsidence caused by the instability of the excavation surface, the geotechnical parameters obtained from the geological survey and the triaxial tests are used to obtain the geotechnical parameters combined with the previous excavation parameters and monitoring data. Different supporting forces cause different stability of the excavation face and surface settlement.
Simulation Method
. " e design idea of this simulation scheme is divided into two parts. One is to directly apply 30 kPa support pressure to the excavation face after excavation to simulate the silo pressure (Figure 12(a) ); the other is to fix the lining and the displacement of the excavation face waiting for the soil. After balancing, the resurfacing face retaining force is 30 kPa (Figure 12(b) ). After the excavation surface is basically stable, the upper arch position in Figure 12 (a) mainly appears below the lining (deleting the void position where the particles appear), and the upper arch position of the soil in Figure 12 (b) appears in front of the excavation surface, which is more consistent with the actual situation. erefore, the excavation-fixation-support simulation scheme was chosen.
A monitoring point is arranged in the soil perpendicular to the excavation face and 0.5 m away from the center of the excavation face. e point is vertically upward to the ground and 3 monitoring points are continuously laid (Figure 13 ). Advances in Civil Engineering Figure 14 shows the deformation of the excavation face over time without support. It can be seen from the figure that for any location of the excavation face, the initial instability of the tunnel occurs in the soil in front of the excavation face.
Simulation Calculation Results and Analysis
Soil Instability Mode in front of Shield Excavation.
With the increase of the number of running steps, the soil decreases rapidly, the displacement increases, the instability zone expands, and gradually develops into a chimney shape; as the number of running steps increases further, the instability continues to develop into a wedge shape and finally the instability e area penetrates to the surface to form a large range of subsidence and even collapse.
Excavation Surface and Surface Soil Displacement Response under Different Supporting Forces.
After the excavation-fixation phase is equilibrated, in order to observe the continuous deformation of the excavation face, a casing unit is provided on the excavation face and the unit modulus is set to 1e5 Pa. As shown in Figure 15 , when the modulus is too small (1e4 Pa), the housing unit is deformed greatly and discontinuously. When the modulus is too large (1e6 Pa), the deformation of the housing unit is small, which is inconvenient to observe. e dichotomy to take the support force and position the support force that can balance the excavation face to the 20-40 kPa range is used. A support force of 20 kPa, 30 kPa, and 40 kPa was applied to the excavation face to observe the development of the surface deformation with time ( Figure 16 ). As shown in Figure 16 , as the support force, shell applied pressure, increases, the displacement of the excavation face and surrounding soil decreases.
As shown in the surface subsidence monitoring curve of Figure 17 , under the action of 20 kPa excavation surface support, the soil displacement curve does not converge, that is, the excavation surface is unstable; under the action of 30 kPa and 40 kPa support forces, the surface settlement curve converges and the maximum settlement decreases as the support force increases. e following specific analysis of the displacement of sandy gravel is under 30 kPa support force.
As shown in Figure 18 , under the support of 30 kPa, the soil in front of the excavation face is first swelled for about Figure 16 : Soil deformation of 20 kPa, 30 kPa, and 40 kPa supporting forces. 8 Advances in Civil Engineering 4 mm and then settled to about 60 mm, which tends to be stable. e soil in front of the excavation face and the surface soil are at the settlement speed. Time is gradually decreasing. As shown in Figure 19 , the maximum settlement of the surface is about 5 mm, which meets the engineering safety requirements and has little impact on the surrounding structures. erefore, 30 kPa is the proper support force of a "15 m buried depth, 15 m footage, and 8 m diameter" tunnel.
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Stability Analysis of Shield Excavation Face at Different
Depths. As shown in Figure 20 , under different buried depths, the excavation surface is unstable and maintains a similar failure shape and finally presents a wedge-shaped instability failure zone. As the depth of the burial decreases, the extent of the instability zone decreases and penetrates the surface and the surface settlement becomes larger (Figure 21) . Due to the soil arching effect, when the buried depth is large, the soil damage does not penetrate the surface, which indicates that there is a certain range of instability and damage, and the excavation surface will not be completely unstable.
When the buried depth is different, different support forces are applied to the excavation face to observe the instability of the excavation face, and the data such as surface displacement and displacement in the soil are monitored. From the stability analysis of the excavation face under different support forces in the previous section, it can be seen that under other conditions, the surface settlement decreases with the increase of the support force of the excavation face. e support force that converges the surface settlement curve (the surface settlement rate is 0) is referred to herein as the ideal minimum support force. As shown in Figures 22  and 23 , as the buried depth becomes shallower, the ideal minimum support force becomes smaller, but the surface settlement becomes larger. e control of surface settlement is the key to ensure the safety of shield construction. Generally, the settlement of 5 mm is used as the control standard. Under the requirement of settlement control, the support force of 1e4-8e4 is applied to the tunnel excavation faces of different depths to obtain the minimum support force. It can be obtained from the above curve (Figure 24 ) that the 5 m buried tunnel is under 40 kPa supporting force. e maximum settlement of the surface exceeds 5 mm, which does not meet the engineering safety requirements. Under the support force of 50 kPa, the maximum settlement of the ground surface is about 3.1 mm, which meets the safety requirements.
It can be obtained from the above curve (Figure 25 ) that the 5 m buried tunnel is under 30 kPa supporting force. e maximum settlement of the surface exceeds 5 mm, which does not meet the engineering safety requirements. Under the 40 kPa support force, the maximum settlement of the ground surface is about 4.2 mm, which meets the safety requirements. e minimum support force at different depths is obtained by fitting the above three different support force curves (Figures 17 and 24-26 ), which can be obtained from Figures 23 and 26 , as the tunnel depth becomes deeper. e minimum support force that does not control the surface settlement is becoming larger, and the minimum support force required to control the surface settlement is also becoming larger.
After analysis, the support force of the sandy gravel tunnel increases with the increase of depth, which is consistent with the "silos theory". After the deep embedding of the gravel tunnel and the displacement of the excavation surface, the soil arching effect appears on the soil above the excavation surface to form a soil arch, which makes the surface settlement less. A shallow gravel tunnel with a shallow depth can be used to stabilize the excavation surface with a small excavation surface support, but it will produce a large surface settlement. If the settlement of the shallow- buried gravel tunnel is to be controlled, the applied excavation face support force will be larger than the deeply buried sandy gravel tunnel under the same conditions. In the sandy gravel stratum area where the ground subsidence value is large, the shallow-buried tunnel is selected for excavation with lower support force, which can save cost and improve efficiency. In the sand-gravel stratum area where the ground settlement control is strict, the tunnel with a buried depth of 15 m or more can be used to obtain a relatively low minimum support force, which can also improve economic benefits.
Results and Discussion
(1) e numerical triaxial compression test calibrates the mesoscopic parameters of the Chengdu sandy gravel stratum, and the sandy gravel exhibits the property of strain hardening. (2) e excavation analysis of the shield by excavationfixation-support is simulated, and the shell with the elastic modulus of 1e5 is supported. e deformation of the excavation face support shell is continuous, and the soil deformation is easy to observe. e formation Groud surface settlement (m)
Step Support pressure-4e4 Support pressure-5e4 process of the "chimney-like" wedge body of the excavation face under unsupported force is obtained. (3) Based on the numerical model established by the engineering example, the stability of the excavation face under the condition of 10 kPa-60 kPa support force is analyzed, and the surface settlement decreases with the increase of the support force. (4) e stability of the excavation face of the 5 m, 10 m, and 15 m buried deep gravel tunnels and the influence of the support force on the surface settlement is analyzed. It is obtained that as the tunnel depth decreases, the minimum support force that does not consider the surface settlement is reduced and the minimum support force that needs to control the surface settlement is increased. e above method can be used, combined with the requirements of surface subsidence control, to select the safe and economical sandy gravel tunnel buried depth and support force.
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